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TITLE OF THE INVENTION 

Semiconductor Device Including Gate Electrode for Applying Tensile Stress to 
Silicon Substrate, and Method of Manufacturing the Same 

5 BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a semiconductor including a MOS (metal oxide 
semiconductor) field effect transistor, and method of manufacturing the same. 

10 Description of the Background Art 

For a MOS field effect transistor (MOS transistor), increase in drain current as 

a driving current is one of the ways of improving characteristic of this MOS transistor. 

Carrier mobility is one of the determinants of drain current. The carrier mobility is 

virtually controlled by a substrate material, and therefore, it can hardly be changed. On 
15 the other hand, it has been found that scattering probability and effective mass of carriers 

are altered by the change in lattice spacing of substrate atoms, allowing change of carrier 

mobility. 

SiGe has wider lattice spacing than Si. In a substrate including SiGe and Si 
stacked thereon, the lattice spacing of the upper-layer Si is widened accordingly. The 

20 substrate including the widened lattice spacing of silicon is called as a "strained silicon 
substrate". The strained silicon substrate has a higher carrier mobility than a 
conventional silicon substrate, providing increase in drain current of a MOS transistor 
formed thereon. An example of such conventional art is given in the non-patent 
document 1, Welser et al., "NMOS and PMOS Transistors Fabricated in Strained 

25 Silicon/Relaxed Silicon-Germanium Structures", pp. 1000-1002, International Electron 
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Device Meeting 1992, and in the non-patent document 2, T. Mizuno et al., "High 
Performance Strained-Si p-MOSFETs on SiGe-on-Insulator Substrates Fabricated by 
SIMOX Technology", pp. 934-936, International Electron Device Meeting 1999. 

On the other hand, the strained silicon substrate encounters the problems as 
5 follows which result from use of SiGe as a substrate material: crystal defect and 
deterioration in surface roughness caused by SiGe, rise in substrate temperature due to 
low heat conductivity of SiGe, increase in short-channel effect in a p-channel MOS 
transistor covering band discontinuity at an interface between SiGe and Si, or the like. 
Other problems involved therein associated with process steps include inapplicability to 

10 STI (shallow trench isolation) technique, or insufficient activation annealing, for example. 
In view of this, for actually using the strained silicon substrate in LSIs, there remain a lot 
of problems to be solved. 

By way of example, Japanese Patent Application Laid-Open No. 2002-93921 
(pp. 3-6 and Figs. 1-19), hereinafter referred to as the patent document 1, discloses that 

15 the lattice spacing of silicon of a MOS transistor may be varied by applying stress to a 
silicon substrate. 

By way of example, tensile stress exerted on a channel region causes increase in 
driving current of an n-channel MOS transistor (nMOS transistor), while causing 
reduction in driving current of a p-channel MOS transistor (pMOS transistor). 
20 Conversely, compressive stress exerted on the channel region causes increase in driving 
current of the pMOS transistor, while causing reduction in driving current of the nMOS 
transistor. 

As discussed, the strained silicon substrate including SiGe still faces the 
problems to be solved. Therefore, more simple way has been sought to improve 
25 characteristic of a MOS transistor. 
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According to the patent document 1, stress exerted to a gate electrode is applied 
to a channel region of a silicon substrate. As a result, channel characteristic of a MOS 
transistor is improved without the need of preparing a strained silicon substrate. 

As discussed, tensile stress exerted on a channel region causes increase in 
5 driving current of an nMOS transistor, while causing reduction in driving current in a 
pMOS transistor. In contrast, compressive stress exerted on the channel region causes 
increase in driving current of the pMOS transistor, while causing reduction in driving 
current of the nMOS transistor. Therefore, stress to be exerted should differ at least 
between the nMOS and pMOS transistors. 
10 It is thus required in the patent document 1 to employ different gate electrode 

materials and different deposition temperatures thereof between the nMOS and pMOS 
transistors. As a result, a gate electrode of the nMOS transistor and that of the pMOS 
transistor cannot be provided in the same process step, causing complication of the 
manufacturing steps. 

15 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to provide a semiconductor 
device allowing improvement in carrier mobility by applying tensile stress only to a 
channel region of a desired MOS transistor, and allowing simplification of manufacturing 

20 steps. It is still an object of the present invention to provide a method of this 
semiconductor device. 

According to a first aspect of the present invention, the semiconductor device 
includes a polysilicon gate electrode provided on a silicon substrate. The gate electrode 
is subjected to compressive stress as internal stress therein, to apply tensile stress to the 

25 silicon substrate. Ions having a mass number of 70 or more are implanted into the gate 
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electrode. 

Tensile stress is applied to a region in the silicon substrate defined under a 
predetermined gate electrode. Therefore, lattice spacing is widened in this region of the 
silicon substrate. When this gate electrode is applied to an nMOS transistor, for 
5 example, enhancement of carrier mobility can be provided, thus contributing to 
performance improvement of the nMOS transistor. 

According to a second aspect of the present invention, the method of 
manufacturing a semiconductor device includes the following steps (a) through (d). In 
the step (a), a non-single crystalline silicon gate electrode is provided on a silicon 

10 substrate. In the step (b), ions having a mass number of 70 or more are implanted into 
the gate electrode. In the step (c), a predetermined film is deposited at a temperature of 
550 oC or less, to cover the gate electrode including therein the ions having a mass 
number of 70 or more. In the step (d), thermal processing is performed at a temperature 
of more than 550 o C while covering the gate electrode with the predetermined film. 

15 Compressive residual stress is exerted on a predetermined gate electrode as 

internal stress therein, to apply tensile stress to a region in the silicon substrate defined 
under the gate electrode. Therefore, lattice spacing, is widened in this region of the 
silicon substrate. When this gate electrode is applied to an nMOS transistor, for 
example, enhancement of carrier mobility can be provided, thus contributing to 

20 performance improvement of the nMOS transistor. Further, a mass number of ion to be 
implanted may vary according to the type of the gate electrode, or a part of the 
predetermined film on the predetermined gate electrode may be removed prior to thermal 
processing. Therefore, even when a plurality of gate electrodes are formed in the same 
step, only a desired gate electrode can easily be subjected to high compressive stress 

25 exerted thereon. As a result, simplification of the manufacturing steps is provided. 
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These and other objects, features, aspects and advantages of the present 
invention will become more apparent from the following detailed description of the 
present invention when taken in conjunction with the accompanying drawings. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

Figs. 1 through 9 illustrate steps of manufacturing a semiconductor device 
according to a first preferred embodiment of the present invention; 

Figs. 10A and 10B illustrate stress distribution in a direction of channel length 
in an nMOS transistor of the semiconductor device according to the first preferred 
10 embodiment of the present invention, and in the nMOS transistor of the background-art 
semiconductor device, respectively; 

Fig. 1 1 illustrates a step of manufacturing a semiconductor device according to 
a second preferred embodiment of the present invention; 

Fig. 12 illustrate a step of manufacturing a semiconductor device according to a 
15 third preferred embodiment of the present invention; 

Figs. 13 through 16 illustrate steps of manufacturing a semiconductor device 
according to a fourth preferred embodiment of the present invention; 

Figs. 17 through 20 illustrate steps of manufacturing a semiconductor device 
according to a fifth preferred embodiment of the present invention; and 
20 Fig. 21 illustrates a step of manufacturing a semiconductor device according to 

a sixth preferred embodiment of the present invention. 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 
First Preferred Embodiment 
25 The present inventors have found that when amorphous silicon including a 
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large number of ions implanted therein undergoes thermal processing to form 

recrystallized polycrystalline silicon (polysilicon), volume expansion of silicon occurs. 

It has also been found that the amount of expansion of silicon is controlled largely by the 

mass number of ions implanted therein, and more particularly, that the amount of 
5 expansion increases as the mass number of implanted ions becomes larger (more 

specifically, 70 or more). It has been confirmed as well that the amount of expansion 

increases as the implant dose of ions increases. 

Figs. 1 through 9 illustrate steps of manufacturing a semiconductor device 

according to the first preferred embodiment of the present invention. In each one of Figs. 
10 1 through 9, the left half shows a region for forming an nMOS transistor (hereinafter 

called as an "nMOS region"), and the right half shows a region for forming a pMOS 

transistor (hereinafter called as a "pMOS region"). 

First, an element isolation film 1 1, a p-well 12, and an n-well 22 are provided 

on a silicon substrate 10 by the conventional technique. Thereafter a silicon oxide film 
15 31 as a gate insulating film is provided thereon. Subsequently, a silicon film 32 for 

forming gate electrodes is provided on the silicon oxide film 31 (Fig. 1). The silicon 

film 32 is not of a single crystalline structure, but either of an amorphous or 

polycrystalline structure. 

Next, the non-single crystalline silicon film 32 is patterned by photolithography, 
20 to form gate electrodes 14 and 24 on the p-well 12 and on the n-well 22, respectively (Fig. 

2). 

Thereafter, a resist mask 33 is formed by photolithography to have an opening 
in the pMOS region. Using the resist mask 33 and the gate electrode 24 as a mask, 
p-type dopants having a relatively small mass number such as B ions are then implanted, 
25 whereby a p-type source/drain extension layer 26a is formed in the n-well 22 at a 
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relatively shallow depth (Fig. 3). At this time, ions are also implanted into the gate 
electrode 24, and therefore, non-single crystalline silicon forming the gate electrode 24 is 
partially amorphized. However, the degree of amorphization thus caused is low due to 
the relatively small mass number of the implanted ions. 
5 Next, a resist mask 34 is formed by photolithography to have an opening in the 

nMOS region. Using the resist mask 34 and the gate electrode 14 as a mask, n-type 
dopants having a relatively large mass number (70 or more) such as As ions or Sb ions 
are then implanted, whereby an n-type source/drain extension layer 16a is formed in the 
p-well 12 at a relatively shallow depth (Fig. 4). At this time, ions of a relatively large 

10 mass number are also implanted into the gate electrode 14. Accordingly, non-single 
crystalline silicon forming the gate electrode 14 is partially amorphized. 

Thereafter, sidewalls 1 5 and 25 are provided on the respective side surfaces of 
the gate electrodes 14 and 24. Further, the silicon oxide film 31 is etched, to form gate 
insulating films 13 and 23 under the gate electrodes 14 and 24, respectively (Fig. 5). 

15 The deposition temperature for the sidewalls 15 and 25 is set to be less than the one at 
which recrystallization of silicon starts (about 550 oC). 

Subsequently, another resist mask 35 is formed to have an opening in the 
pMOS region. Using the resist mask 35, the gate electrode 24 and the sidewall 25 as a 
mask, p-type dopants having a relatively small mass number such as B ions are then 

20 implanted with a dose of 4 x 10 15 /cm 2 or more, whereby a p-type source/drain diffusion 
layer 26b is formed in the n-well 22 at a relatively great depth (Fig. 6). The p-type 
source/drain extension layer 26a and the p-type source/drain diffusion layer 26b form a 
p-type source/drain region 26. At this time, ions are also implanted into the gate 
electrode 24, and therefore, non-single crystalline silicon forming the gate electrode 24 is 

25 partially amorphized. However, the degree of amorphization thus caused is low due to 
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the relatively small mass number of the implanted ions. 

Thereafter, a resist mask 36 is formed to have an opening in the nMOS region. 
Using the resist mask 36, the gate electrode 14 and the sidewall 15 as a mask, n-type 
dopants having a relatively large mass number such as As ions or Sb ions are then 
5 implanted with a dose of 4 x 10 15 /cm 2 or more, whereby an n-type source/drain 
diffusion layer 16b is formed in the p-well 12 at a relatively great depth (Fig. 7). The 
n-type source/drain extension layer 16a and the n-type source/drain diffusion layer 16b 
form an n-type source/drain region 16. At this time, ions of a relatively large mass 
number are also implanted into the gate electrode 14, and therefore, amorphization of 

10 non-single crystalline silicon forming the gate electrode 14 further proceeds. 

Subsequently, a silicon oxide film 40 is provided on the gate electrodes 14 and 
24, and on the sidewalls 15 and 25 at a temperature which is less than the one at which 
recrystallization of silicon starts (about 550 °C) (Fig. 8). 

Next, thermal processing such as RTA (rapid thermal annealing) is performed 

15 on the silicon oxide film 40 covering the gate electrodes 14 and 24, and the sidewalls 15 
and 25, at a temperature ranging between about 950 o C and 1 100 ° C . The period of 
this thermal processing may be 30 seconds or less including momentary annealing (spike 
annealing). As a result, damage caused by ion irradiation is repaired, and the dopants 
are activated. At the same time, recrystallization of amorphous silicon occurs, whereby 

20 the gate electrodes 14 and 24 turn into polysilicon. 

Those ions of a relatively large mass number (70 or more) such as As ions or 
Sb ions are implanted in large quantity into the gate electrode 14 of the nMOS transistor. 
Hence, the gate electrode 14 tends to expand. However, as the surfaces of the gate 
electrode 14 and the sidewall 15 are covered with the silicon oxide film 40, the gate 

25 electrode 14 can hardly expand. The tendency of the gate electrode 14 to expand causes 
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high compressive residual stress as internal stress therein, thus applying tensile stress to a 

channel region defined under the gate electrode 14. 

In contrast, only those ions of a relatively small mass number are implanted into 

the gate electrode 24 of the pMOS transistor. Hence, the gate electrode 24 scarcely 
5 tends to expand, whereby little residual stress is exerted on the gate electrode 24. As a 

result, there occurs substantially no stress to be applied to a channel region defined under 

the gate electrode 24. 

As an exemplary way of silicidation of the gate electrodes 14 and 24, and the 

upper portions of the source/drain regions 16 and 26, the silicon oxide film 40 is removed, 
10 and thereafter, a metal film such as Co film is entirely deposited by sputtering. Next, 

thermal processing is performed at a relatively low temperature of about 350 o C to 550 

oC, whereby this metal film is reacted with the gate electrodes 14 and 24, and with the 

source/drain regions 16 and 26. Then, unreacted metal film remaining on the element 

isolation film 11, and on the sidewalls 15, 25 is selectively removed, followed by 
15 high-temperature thermal processing. As a result, silicide layers 14a and 24a are formed 

in the upper portions of the gate electrodes 14 and 24, respectively, and silicide layers 16c 

and 26c are formed in the upper portions of the source/drain regions 16 and 26, 

respectively (Fig. 9). 

Thereafter, predetermined device elements including interlayer insulating film, 
20 contact, interconnect line, and the like, are provided, which is the completion of the 

manufacturing process of the semiconductor device. 

Figs. 10A illustrates stress distribution in cross section in a direction of channel 

length in the nMOS transistor according to the first preferred embodiment, and Fig. 10B 

illustrates stress distribution in cross section in a direction of channel length of the 
25 background-art nMOS transistor, namely, the transistor including the gate electrode 14 
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into which only ions of a relatively small mass number are implanted. It is seen that in 
the nMOS transistor of the first preferred embodiment, high compressive residual stress is 
exerted on the gate electrode 14, and tensile stress is applied to the channel region. 
Therefore, the lattice spacing of silicon in the channel region of the nMOS transistor is 
5 widened and carrier mobility is enhanced, resulting in improvement in characteristic of 
the MOS transistor. 

In contrast, little residual stress is exerted on the gate electrode 24 of the pMOS 
transistor, and thus there occurs substantially no stress to be applied to the channel region 
under the gate electrode 24. As discussed, application of tensile stress to the channel 

10 region of the pMOS transistor provides no effectiveness, as it causes reduction in drain 
current of the pMOS transistor. That is, in the device including both pMOS and nMOS 
transistors, tensile stress is preferably be applied only to the channel region of the nMOS 
transistor. In the first preferred embodiment, no tensile stress is applied to the channel 
region of the pMOS transistor. As a result, while suppressing reduction in drain current 

15 of the pMOS transistor, improvement in characteristic of the nMOS transistor is realized. 

In addition, in the first preferred embodiment, ions (for formation of the n-type 
source/drain region 16) to be implanted into the gate electrode 14 have a relatively large 
mass number, and ions (for formation of the p-type source/drain region 26) to be 
implanted into the gate electrode 24 have a relatively small mass number. As a result, 

20 only the channel region of the nMOS transistor undergoes high tensile stress applied 
thereto. That is, even when the gate electrodes 14 and 24 are formed in the same step, as 
the n-type dopants and the p-type dopants to be implanted in the subsequent step have 
different mass numbers, the degrees of stress to be applied to the respective channel 
regions of the nMOS and pMOS transistors can vary therebetween. Namely, formation 

25 of the nMOS and pMOS transistors does not require separate steps, allowing 
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simplification of the manufacturing steps. 

As discussed, when amorphous silicon including a large number of ions 
implanted therein is recrystallized to turn into polysilicon, the tendency of silicon to 
expand increases as the mass number of the implanted ions increases. Due to this, the 
5 greater the mass number of the implanted ions into the gate electrode 14, the higher the 
compressive residual stress thereon. As a result, tensile stress to be applied to the 
channel region becomes higher, providing enhanced effectiveness of the first preferred 
embodiment. Further, the compressive residual stress on the gate electrode 14 becomes 
higher as the dose of the implanted ions implanted therein increases. In the foregoing 

10 discussion, the exemplary dose of ions for forming the n-type source/drain diffusion layer 
16b is 4 x 10 15 /cm 2 or more, which is the standard amount therefor. The applicability 
of the present invention is not limited to this. The dose of approximately 4 x 10 15 /cm 2 
is sufficient enough to maintain effectiveness of the present invention. On the other 
hand, increased effectiveness can be achieved by the greater amount. The compressive 

15 stress on the gate electrode 14 itself is generated with a dose less than 4 x 10 15 /cm 2 . 

In the step of Fig. 8, the silicon oxide film 40 is provided as a predetermined 
film to be on the gate electrodes 14 and 24. As long as the temperature for forming this 
film satisfies the condition that it should be less than the one for starting recrystallization 
of silicon (about 550 o C ), alternative materials may be used for this predetermined film. 

20 As long as compressive residual stress is exerted on the gate electrode 14, alternative 
films such as metal film, silicide film, or stacked film thereof, may be employed. In this 
case, after compressive residual stress is exerted on the gate electrode 14 by thermal 
processing, this alternative film is removed. Thereafter, an insulating film such as 
silicon oxide film is further provided. 

25 The compressive residual stress exerted on the gate electrode 14 also becomes 



12 

greater when the predetermined film 40 has a property that it shrinks by the foregoing 
thermal processing (a silicon oxide film has such property). It is confirmed by the 
present inventors that the higher the temperature for the thermal processing for 
recrystallization of amorphous silicon, and the greater the thickness of the predetermined 
5 film 40, the greater the compressive residual stress on the gate electrode 14, whereby 
improved carrier mobility is provided. 

In the first preferred embodiment, an ordinary silicon substrate is used for 
forming a MOS transistor. Alternatively, it may be a "strained silicon substrate" as 
discussed in the foregoing description of the background art. In this case, carrier 
10 mobility in the channel region of the nMOS transistor can be reliably improved to a 
greater degree. 

Second Preferred Embodiment 

As discussed in the first preferred embodiment, ions having a relatively small 
mass number are implanted into the gate electrode 24, and therefore, there will be little 

15 residual stress to be applied to the gate electrode 24 even with the existence of the silicon 
oxide film 40 thereon. In the case of ion implantation in large quantity, however, there 
may be some compressive residual stress to be exerted on the gate electrode 24 even 
when the implanted ions have a small mass number. 

The steps of manufacturing a semiconductor device according to the second 

20 preferred embodiment of the present invention will be given. First, following the same 
steps as those of the first preferred embodiment shown in Figs. 1 through 8, the nMOS 
and pMOS transistors are provided. Further provided thereon is the silicon oxide film 
40. Next, the silicon oxide film 40 in the pMOS region is removed so that an opening is 
defined therein, as shown in Fig. 1 1 . 

25 Thermal processing is thereafter performed at a temperature ranging between 
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about 950 oC and 1100 °C, to repair damage and to activate the dopants. At the 
same time, recrystallization of amorphous silicon occurs, whereby the gate electrodes 14 
and 24 turn into polysilicon. 

The surfaces of the gate electrode 14 and the sidewall 15 of the nMOS 
5 transistor are covered with the silicon oxide film 40. Therefore, the tendency of the gate 
electrode 14 to expand causes high compressive residual stress as internal stress therein, 
thus applying tensile stress to the channel region under the gate electrode 14. 

On the other hand, the surfaces of the gate electrode 24 and the sidewall 25 of 
the pMOS transistor are exposed without being covered with the silicon oxide film 40. 

10 Accordingly, even when the gate electrode 24 expands slightly, there will be little residual 
stress on the gate electrode 24. As a result, as compared with the first preferred 
embodiment, tensile stress to be exerted on the channel region of the pMOS transistor can 
be suppressed to a greater degree. 

Third Preferred Embodiment 

15 In the first and second preferred embodiments, ion implantation for forming the 

n-type source/drain diffusion layer 16b is also operative to implant ions into the gate 
electrode 14 for expansion thereof. Alternatively, ion implantation step into the gate 
electrode 14 may be performed separately from the implantation step for formation of the 
n-type source/drain diffusion layer 16b. 

20 The steps of manufacturing a semiconductor device according to the third 

preferred embodiment of the present invention will be given. First, following the same 
steps as those of the first preferred embodiment shown in Figs. 1 through 6, the nMOS 
and pMOS transistors are provided. Next, a resist mask 36 is formed to have an opening 
in the pMOS region. Thereafter, prior to formation of the n-type source/drain diffusion 

25 layer 16b in the nMOS region, electrically inactive ions having a relatively large mass 
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number (70 or more) such as Ge ions are entirely implanted with a dose of 4 x 10 15 /cm 2 
or more, as shown in Fig. 12. At this time, ions are implanted into the source/drain 
region of the nMOS transistor as well as into the gate electrode 14. Those ions 
implanted in this step are electrically inactive, and therefore, they are not operative to 
5 serve as dopants. 

Thereafter, as shown in Fig. 7, n-type dopants are implanted to form the n-type 
source/drain diffusion layer 16b. The n-type dopants to be implanted in this step may be 
those having a relatively small mass number such as P ions. 

The subsequent steps are the same as those of the first preferred embodiment. 

10 Namely, the silicon oxide film 40 is provided on the gate electrodes 14 and 24, and on the 
sidewalls 15 and 25, and thereafter, thermal processing is performed at a temperature 
ranging between about 950 ©C and 1100 ©C. As a result, recrystallization of 
amorphous silicon occurs, whereby the gate electrodes 14 and 24 turn into polysilicon. 

As mentioned, electrically inactive ions having a relatively large mass number 

15 are implanted in large quantity into the gate electrode 14 of the nMOS transistor. 
Further, the surfaces of the gate electrode 14 and the sidewall 15 are covered with the 
silicon oxide film 40. Accordingly, the tendency of the gate electrode 14 to expand 
causes compressive residual stress as internal stress therein, thus applying tensile stress to 
the channel region under the gate electrode 14. 

20 In contrast, only those ions of a relatively small mass number are implanted into 

the gate electrode 24 of the pMOS transistor. Hence, little residual stress is exerted on 
the gate electrode 24. As a result, there occurs substantially no stress to be applied to 
the channel region under the gate electrode 24. 
Fourth Preferred Embodiment 

25 In a silicon substrate subjected to high stress applied thereto, crystal defect 
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generally occurs with high probability. In a transistor provided on the silicon substrate 
having crystal defect, increase in leakage current such as junction leakage current, gate 
current, or subthreshold leakage current, may occur. That is, the nMOS transistor of the 
present invention may encounter the problem of crystal defect resulting from tensile stress 
5 applied to the channel region. Therefore, the nMOS transistor of the present invention 
may suffer from an increased amount of leakage current as compared with the one in the 
background art. 

For example, a logic section of an ordinary semiconductor device is intended 
mainly for high-speed operation and response, giving priority to high-speed operation 

10 even with the existence of some leakage current. On the other hand, in a memory 
section of an SRAM or DRAM, or in a logic section of an LSI for mobile communication 
system, for example, even slight increase in power consumption resulting from leakage 
current should be controlled. In view of this, the MOS transistor according to the 
present invention may provide effectiveness for a circuit section placing priority to 

15 high-speed operation (hereinafter referred to as a "high-speed circuit section"), while it 
may be unsuitable for a circuit section requiring suppression of power consumption 
(hereinafter referred to as a "low-power circuit section"). In other words, it is preferable 
to use the MOS transistor of the present invention only in the high-speed circuit section 
of a semiconductor device, and to use the conventional MOS transistor in the low-power 

20 circuit section. 

Figs. 13 through 16 illustrate steps of manufacturing a semiconductor device 
according to the fourth preferred embodiment of the present invention. As indicated in 
Fig. 13, in each one of Figs. 13 through 16, the left half shows a high-speed circuit 
section placing priority to high-speed operation, and the right half shows a low-power 

25 circuit section requiring suppression of power consumption. Assuming that the 
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high-speed circuit section and the low-power circuit section each comprise an nMOS 
region for forming an nMOS transistor and a pMOS region for forming a pMOS 
transistor, the steps of manufacturing a semiconductor device according to the fourth 
preferred embodiment will be given. 
5 First, an element isolation film 11, p-wells 12 and 52, and n- wells 22 and 62 are 

provided on a silicon substrate 10 by the conventional technique. Thereafter, following 
the same steps as those of the first preferred embodiment shown in Figs. 1 through 5, a 
gate insulating film 13, a gate electrode 14, a sidewall 15, and an n-type source/drain 
extension layer 16a are provided in the nMOS region of the high-speed circuit section. 

10 Provided in the pMOS region of the high-speed circuit section are a gate insulating film 
23, a gate electrode 24, a sidewall 25, and a p-type source/drain extension layer 26a. 
Provided in the nMOS region of the low-power circuit section are a gate insulating film 
53, a gate electrode 54, a sidewall 55, and an n-type source/drain extension layer 56a. 
Further, a gate insulating film 63, a gate electrode 64, a sidewall 65, and a p-type 

15 source/drain extension layer 66a are provided in the pMOS region of the low-power 
circuit section. 

Subsequently, a resist mask 71 is formed to have an opening in the respective 
pMOS regions of the high-speed circuit section and the low-power circuit section. 
Using the resist mask 71, the gate electrodes 24 and 64, and the sidewalls 25 and 65 as a 

20 mask, p-type dopants having a relatively small mass number such as B ions are then 
implanted with a dose of 4 x 10 15 /cm 2 or more, whereby a p-type source/drain diffusion 
layer 26b and a p-type source/drain diffusion layer 66b are formed (Fig. 13). The p-type 
source/drain extension layer 26a and the p-type source/drain diffusion layer 26b form a 
p-type source/drain region 26, and the p-type source/drain extension layer 66a and the 

25 p-type source/drain diffusion layer 66b form a source/drain region 66. At this time, ions 
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are also implanted into the gate electrodes 24 and 64. 

Next, a resist mask 72 is formed to have an opening in the respective nMOS 
regions of the high-speed circuit section and the low-power circuit section. Using the 
resist mask 72, the gate electrodes 14 and 54, and the sidewalls 15 and 55 as a mask, 
5 n-type dopants having a relatively large mass number such as As ions or Sb ions are 
implanted, whereby an n-type source/drain diffusion layer 16b and an n-type source/drain 
diffusion layer 56b are formed (Fig. 14). The n-type source/drain extension layer 16a 
and the n-type source/drain diffusion layer 16b form an n-type source/drain region 16, and 
the n-type source/drain extension layer 56a and the n-type source/drain diffusion layer 

10 56b form an n-type source/drain region 56. At this time, ions are also implanted into the 
gate electrodes 14 and 54. 

Next, a silicon oxide film 80 is provided to cover the high-speed circuit section 
while exposing the low-power circuit section. More particularly, the silicon oxide film 
80 is provided on the gate electrodes 14 and 24, and on the sidewalls 15 and 25 of the 

15 high-speed circuit section, at a temperature which is less than the one at which 
recrystallization of silicon starts (about 550 o C ) (Fig. 15). 

Thereafter, thermal processing is performed on the silicon oxide film 80 
covering the gate electrodes 14 and 24, and the sidewalls 15 and 25, at a temperature 
ranging between about 950 ©C and 1100 <>C, causing recrystallization of amorphous 

20 silicon. As a result, the gate electrodes 14, 24, 54 and 64 turn into polysilicon. 

Those ions of a relati vely large mass number (70 or more) such as As ions or 
Sb ions are implanted in large quantity into the gate electrode 14 of the nMOS transistor 
of the high-speed circuit section. Further, the surfaces of the gate electrode 14 and the 
sidewall 15 are covered with the silicon oxide film 80. As a result, high compressive 

25 residual stress is exerted as internal stress on the gate electrode 14, thus applying tensile 
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stress to the channel region under the gate electrode 14. 

Those ions of a relatively large mass number such as As ions or Sb ions are 
further implanted in large quantity into the gate electrode 54 of the nMOS transistor of 
the low-power circuit section. However, the surfaces of the gate electrode 54 and the 
5 sidewall 55 are exposed, whereby little residual stress is exerted on the gate electrode 54. 
As a result, there occurs substantially no stress to be applied to the channel region under 
the gate electrode 54. 

Only those ions of a relatively small mass number are implanted into the gate 
electrodes 24 and 64 of the respective pMOS transistors of the high-speed circuit section 

10 and the low-power circuit section, and therefore, little residual stress is exerted on the 
gate electrodes 24 and 64. As a result, there occurs substantially no stress to be applied 
to the respective channel regions under the gate electrodes 24 and 64. 

As discussed, according to the manufacturing steps of the fourth preferred 
embodiment, high tensile stress is applied only to the channel region of the nMOS 

15 transistor of the high-speed circuit section, thus allowing performance improvement. 
Further, substantially no stress is applied to the channel region of the pMOS transistor of 
the high-speed circuit section, and to the respective channel regions of the pMOS and 
nMOS transistors of the low-power circuit section, whereby increase in leakage current 
resulting from crystal defect can be controlled. 

20 As an exemplary way of silicidation of the gate electrode and source/drain 

region of a certain MOS transistor, a metal film such as Co film is deposited by sputtering, 
followed by thermal processing at a relatively low temperature ranging between 350 o C 
and 550 oC, whereby the metal film and silicon are reacted. Then unreacted metal 
film remaining on the insulating film is selectively removed. Thereafter 

25 high-temperature thermal processing follows. 
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In an LSI for mobile communication system, for example, silicidation of the 
gate electrode and source/drain region of the MOS transistor of the low-power circuit 
section is required in many cases. For such silicidation, the silicon oxide film 80 
provided in the foregoing step to cover the high-speed circuit section while exposing the 
5 low-power circuit section may be further operative to serve as a mask. After 
silicidation using the silicon oxide film 80 as a mask, silicide layers 54a and 64a are 
formed in the upper portions of the gate electrodes 54 and 64 of the low-power circuit 
section, respectively, and silicide layers 56c and 66c are formed in the upper portions of 
the source/drain regions 56 and 66 of the low-power circuit section, respectively. 

10 According to the fourth preferred embodiment, for recrystallization of 

amorphous silicon, the silicon oxide film 80 has such a shape that the low-power circuit 
section is exposed. Therefore, application of high tensile stress can be limited to the 
channel region of the nMOS transistor of the high-speed circuit section. That is, even 
when the gate electrodes 14, 24, 54 and 64 are all provided in the same step, only a 

15 channel region of a certain nMOS transistor can be subjected to high tensile stress applied 
thereto. As a result, simplification of the manufacturing steps is realized. 
Fifth Preferred Embodiment 

Similar to the fourth preferred embodiment, in the fifth preferred embodiment 
of the present invention, the MOS transistor according to the present invention is applied 
20 only to a high-speed section of a semiconductor device, while the conventional MOS 
transistor is applied to a low-power section thereof. 

Figs. 17 through 20 illustrate steps of manufacturing a semiconductor device 
according to the fifth preferred embodiment. Similar to Fig. 13, in each one of Figs. 17 
through 20, the left half shows a high-speed circuit section placing priority to high-speed 
25 operation, and the right half shows a low-power circuit section requiring suppression of 
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power consumption. The high-speed circuit section and the low-power circuit section 
each comprise nMOS and pMOS regions. 

The steps of manufacturing the semiconductor device according to the fifth 
preferred embodiment will be described with reference to Figs. 17 through 20. First, 
5 similar to the fourth preferred embodiment, an element isolation film 11, p- wells 12 and 

52, and n-wells 22 and 62 are provided on a silicon substrate 10. Thereafter, a gate 
insulating film 13, a gate electrode 14, a side wall 15, and an n-type source/drain 
extension layer 16a are provided in the nMOS region of the high-speed circuit section. 
Provided in the pMOS region of the high-speed circuit section are a gate insulating film 

10 23, a gate electrode 24, a sidewall 25, and a p-type source/drain extension layer 26a. 
Provided in the nMOS region of the low-power circuit section are a gate insulating film 

53, a gate electrode 54, a sidewall 55, and an n-type source/drain extension layer 56a. 
Further, a gate insulating film 63, a gate electrode 64, a sidewall 65, and a p-type 
source/drain extension layer 66a are provided in the pMOS region of the low-power 

15 circuit section. In the fifth preferred embodiment, for formation of the n-type 
source/drain extension layers 16a and 56a, n-type dopants having a relatively small mass 
number such as P ions are implanted. 

Subsequently, a resist mask 71 is formed to have an opening in the respective 
pMOS regions of the high-speed circuit section and the low-power circuit section. 

20 Using the resist mask 71, the gate electrodes 24 and 64, and the sidewalls 25 and 65 as a 
mask, p-type dopants having a relatively small mass number such as B ions are then 
implanted with a dose of 4 x 10 15 /cm 2 or more, whereby a p-type source/drain diffusion 
layer 26b and a p-type source/drain diffusion layer 66b are formed (Fig. 13). The p-type 
source/drain extension layer 26a and the p-type source/drain diffusion layer 26b form a 

25 p-type source/drain region 26, and the p-type source/drain extension layer 66a and the 
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p-type source/drain diffusion layer 66b form a source/drain region 66. At this time, ions 
are also implanted into the gate electrodes 24 and 64. 

Next, a resist mask 73 is formed to have an opening in the nMOS region of the 
low-power circuit section. Using the resist mask 73, the gate electrode 54 and the 
5 sidewall 55 as a mask, n-type dopants having a relatively small mass number such as P 
ions are implanted, whereby an n-type source/drain diffusion layer 56b is formed (Fig. 
17). The n-type source/drain extension layer 56a and the n-type source/drain diffusion 
layer 56b form an n-type source/drain region 56. At this time, ions are also implanted 
into the gate electrode 54. 

10 Thereafter, a resist mask 74 is formed to have an opening in the nMOS region 

of the high-speed circuit section. Using the resist mask 74, the gate electrode 14 and the 
sidewall 1 5 as a mask, n-type dopants having a relatively large mass number such as As 
ions or Sb ions are implanted, whereby an n-type source/drain diffusion layer 16b is 
formed (Fig. 18). The n-type source/drain extension layer 16a and the n-type 

15 source/drain diffusion layer 16b form an n-type source/drain region 16. At this time, 
ions are also implanted into the gate electrode 14. 

Next, a silicon oxide film 81 is provided to cover the high-speed circuit section 
and the low-power circuit section. More particularly, the silicon oxide film 81 is 
provided on the gate electrodes 14, 24, 54 and 64, and on the sidewalls 15, 25, 55 and 65, 

20 at a temperature which is less than the one at which reciystallization of silicon starts 
(about 550 oC)(Fig. 19). 

Thereafter, thermal processing is performed on the silicon oxide film 81 
covering the gate electrodes 14, 24, 54 and 64, and the sidewalls 15, 25, 55 and 65, at a 
temperature ranging between about 950 oC and 1100 oC, causing recrystallization of 

25 amorphous silicon. As a result, the gate electrodes 14, 24, 54 and 64 turn into 
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polysilicon. 

Those ions of a relatively large mass number (70 or more) such as As ions or 
Sb ions are implanted into the gate electrode 14 of the nMOS transistor of the high-speed 
circuit section. Further, the surfaces of the gate electrode 14 and the sidewall 15 are 
5 covered with the silicon oxide film 81. As a result, high compressive residual stress is 
exerted as internal stress on the gate electrode 14, thus applying tensile stress to the 
channel region under the gate electrode 14. 

Only those ions of a relatively small mass number are implanted into the gate 
electrode 54 of the nMOS transistor of the low-power circuit section, whereby little 
10 residual stress is exerted on the gate electrode 54. As a result, there occurs substantially 
no stress to be applied to the channel region under the gate electrode 54. 

Only those ions of a relatively small mass number are further implanted into the 
gate electrodes 24 and 64 of the respective pMOS transistors of the high-speed circuit 
section and the low-power circuit section, and therefore, little residual stress is exerted on 
15 the gate electrodes 24 and 64. As a result, there occurs substantially no stress to be 
applied to the respective channel regions under the gate electrodes 24 and 64. 

As discussed, according to the manufacturing steps of the fifth preferred 
embodiment, high tensile stress is applied only to the channel region of the nMOS 
transistor of the high-speed circuit section, thus allowing performance improvement. 
20 Further, substantially no stress is applied to the channel region of the pMOS transistor of 
the high-speed circuit section, and to the respective channel regions of the pMOS and 
nMOS transistors of the low-power circuit section, whereby increase in leakage current 
resulting from crystal defect can be controlled. 

In an LSI for mobile communication system, for example, for silicidation of the 
25 gate electrode and source/drain region of the MOS transistor of the low-power circuit 
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section, an opening is defined in the silicon oxide film 8 1 to expose the low-power circuit 
section. Using this silicon oxide film 81 as a mask, silicidation is performed. As a 
result, silicide layers 54a and 64a are formed in the upper portions of the gate electrodes 
54 and 64 of the low-power circuit section, respectively, and silicide layers 56c and 66c 
5 are formed in the upper portions of the source/drain regions 56 and 66 of the low-power 
circuit section, respectively. 

According to the fifth preferred embodiment, n-type dopants to be implanted 
into the high-speed circuit section and into the low-power circuit section have different 
mass numbers therebetween. Therefore, application of high tensile stress can be limited 
10 to the channel region of the nMOS transistor of the high-speed circuit section. That is, 
even when the gate electrodes 14, 24, 54 and 64 are all provided in the same step, only a 
channel region of a certain nMOS transistor can be subjected to high tensile stress applied 
thereto. 

Sixth Preferred Embodiment 

15 As discussed, the nMOS transistor according to the present invention is likely 

to suffer from crystal defect, which may result in leakage current such as junction leakage 
current, gate current, or subthreshold leakage current of the MOS transistor. That is, the 
nMOS transistor of the present invention will suffer from an increased amount of leakage 
current as compared with the one in the background art. The sixth preferred 

20 embodiment of the present invention is directed to solve this problem. 

By way of example, after the gate electrodes 14 and 24 are provided as in Fig. 2 
following the same step as that of the first preferred embodiment, the surfaces of the gate 
electrodes 14 and 24, and of the silicon substrate 10 are oxidized. More precisely, the 
silicon oxide film 31 remains on the silicon substrate 10 at this time, and therefore, it is 

25 reoxidized. The resultant structure is as given in Fig. 21, in which a silicon oxide film 



24 

90 is provided on the surfaces of the gate electrodes 14 and 24, and bird's beaks 90a are 
defined at respective edge portions of the gate electrodes 14 and 24. The subsequent 
steps are the same as those of Figs. 3 through 9 5 and therefore, the description thereof is 
omitted. 

5 Resulting from the existence of the bird's beaks 90a, the insulating film has a 

larger thickness at the edge portions of the gate electrodes 14 and 24, providing 
suppression of tunneling current and relaxation of gate electric field. As a result, 
subthreshold leakage current can be reduced, allowing suppression of increase in leakage 
current of the MOS transistor. For this reason, the sixth preferred embodiment is 

10 effectively applied to the MOS transistor having a probability of increase in leakage 
current, especially to the nMOS transistor of the present invention subjected to tensile 
stress applied to its channel region. 

Further, as the gate electrodes 14 and 24 remain covered with the silicon oxide 
film 90 during thermal processing to be performed in the subsequent step, variation in 

15 resistance value of the polysilicon gate electrodes can be controlled in the non-silicided 
region. 

While the invention has been shown and described in detail, the foregoing 
description is in all aspects illustrative and not restrictive. It is therefore understood that 
numerous modifications and variations can be devised without departing from the scope 
20 of the invention. 



